We compute the Andreev reflection coefficient of a flux of thermal quasiparticles in 3 He-B incident upon various two-dimensional vortex configurations. We find that, for the same number of positive and negative vortex points, the reflection coefficient is much reduced if the points are arranged in pairs (which corresponds to a gas of vortex rings in three-dimensions) rather than random (which corresponds to a vortex tangle in three-dimensions 
Experimental and theoretical studies of turbulence in superfluid 4 He and 3 He have re- This technique, pioneered at Lancaster, is based on the fact that the energy dispersion curve, E = E(p) of quasiparticles of momentum p is tied to the reference frame of the superfluid, so, in a superfluid moving with velocity v s , the dispersion curve becomes E(p) + p · v s (see the review article [1] ). Thus a side of a vortex line presents a potential barrier to oncoming quasiparticles, which can be reflected back almost exactly becoming quasiholes; the other side of the vortex lets the quasiparticles to go through. Quasiholes are reflected or transmitted in the opposite way. The vortex thus casts a symmetric shadow for quasiparticles at one side and for quasiholes at the other side [2] , and, by measuring the flux of excitations, one detects the presence of the vortex.
However the extrapolation from the scattering of quasiparticles off one vortex to the scattering off many vortices may be nontrivial. In our earlier work [3] we used a simplified 2-dimensional vortex point model, and found that the Andreev shadow caused by simple configurations of several point vortices is not necessarily equal to the sum of shadows of individual, isolated vortices (in the cited work such a phenomenon was called a 'partial screening'). This result may have non-trivial implications for the interpretation of Andreev reflection measurements of the vortex line density in turbulent 3 He-B.
The present work is motivated by the experimental observations of Bradley et al. [4] of the transition from a gas of vortex rings to a dense vortex tangle. Still using the simplified 2-dimensional model, the question which we ask is whether a gas of vortex rings and a dense tangle have a different Andreev signature.
We start with describing the motion of vortices which, in the considered two-dimensional approximation, become vortex points. Such a two-dimensional system of point vortices in the inviscid fluid is known as the Onsager's point vortex gas. Each vortex point moves with the flow field generated by all other vortices. In the (x, y)-plane, the i th vortex point located at time t at the position r i (t) = x i (t)i + y i (t)j, where i and j are, respectively, the unit vectors in the x-and y-directions, generates the fluid velocity field
where κ i is the circulation generated by the i th vortex. In the considered two-dimensional point vortex gas modelling turbulent We consider the two-dimensional problem of ballistic propagation of quasiparticle excitations in the flow field of the point vortex gas and the gas of vortex-antivortex pairs described by configurations 1 o , 2 o , and 3 o . Neglecting spatial variations of the order parameter, in the presence of the flow field the energy of thermal excitation can be written as
where Following the approach of Refs. [2, 3] we assume that the interaction term p · v s varies on a spatial scale which is larger than ξ 0 so that the excitation can be regarded as a compact object of momentum p = p(t), position r = r(t), and energy E = E(p, r, t) given by Eq. (2).
Using the method developed in Refs. [7, 8] , Eq. (2) can be considered as an effective, semiclassical Hamiltonian yielding the following equations of motion:
Introducing the non-dimensional variables [3] 
where R = (X, Y ), p F = 2m * ǫ p ≈ 8.28 × 10 −20 g cm/s is the Fermi momentum, and t 0 = ξ 0 p F /∆ 0 ≈ 2.9 × 10 −6 s, in the non-dimensional form the Hamiltonian (2) and the equations of motion (3)- (4) become
where nowȦ ≡ dA/dτ , and we introduced the non-dimensional parameter λ = ǫ F /∆ 0 . In the following calculations we assume λ = 10 3 .
We solve numerically the equations (7)- (8) The numerical method is described in our earlier work [3] .
In turbulence experiments in 3 He-B, the properties of the vortex tangle or the gas of vortex rings can be studied by measuring the heat which is transported by thermal excitations through the velocity field of the vortices [9] (see also the review article Ref. [1] ). A net flux of excitations (and, hence, energy) results in the case where there is a (small) temperature gradient. In this case the heat carried by excitations generated by the source (and, therefore, incident on the vortex gas) is
where δT ≪ T is a temperature difference between the source of thermal excitations and the opposite side of the system, N F = m √ 2m * ǫ F /(π 2 3 ) is the density of states at the Fermi energy, v F = p F /m * ≈ 5.48 × 10 3 cm/s is the Fermi velocity, and f (E) is the Fermi distribution, which, at the ultra low temperatures, becomes the Boltzmann distribution
In the case of an isolated vortex, one side of it presents a potential barrier to oncoming quasiparticles, which are Andreev reflected as quasiholes almost exactly back to the source.
In our previous work [2] we found that the Andreev shadow, i.e. the maximum distance from the vortex core past which a quasiparticle with the kinetic energy ǫ p is not Andreev reflected, is S 0 = 3π(∆ 0 /ǫ p ) 2 in our dimensionless units. In the subsequent work [3] it was shown that, due to partial screening, the Andreev shadow of simple configurations of several vortices is not necessarily equal to the sum of shadows of isolated vortices. Hence we have reasons to expect that in a gas of point vortices or in a gas of vortex-antivortex pairs (modelling, respectively, a vortex tangle or a gas of vortex rings) partial screening will strongly affect the heat flux carried back to the source by Andreev reflected quasiparticles. A trajectory of each quasiparticle was found by numerical solution of Eqs. (7)- (8) for random initial energies (momenta) and directions of motion. Having identified the trajectories of quasiparticles that are Andreev reflected (as quasiholes) by the vortex gas or a gas of vortex-antivortex pairs, for a particular realization, R of the initial configuration of the vortex gas the reflection coefficient is then calculated as
where α j = 1 if the j th quasiparticle is reflected, otherwise α j = 0, and K = 2.5 × 10 4 . This procedure has been carried out for N R realizations of the initial configuration of the vortex gas, and the ensemble average reflection coefficient was calculated as f r = f , to achieve a reasonable (few per cent) accuracy we used up to N R = 2.5 × 10 4 realizations.
At this point it seems useful to show a zoomed view of each of these configurations, see Fig. 1 . Fig. 2 shows the reflection coefficient, f r as a function of the total number of vortices, N in the system. As can be seen from this figure, in all cases the reflection coefficient increases with the total density of the vortex points. The reflection coefficients in the system 1 o of vortices of the same polarity and in the vortex gas 2 o with zero net circulation are close, although in the latter case the partial screening seems to have a slightly bigger effect. with ζ remains qualitatively the same). As can be seen, in the considered example, with 13 vortex-antivortex pairs, the increase of ζ = d/a from ζ = 0.01 (gas of small vortex-antivortex pairs) to ζ = 0.2 (almost random, disordered point vortex gas) is accompanied by almost five-fold increase of the reflection coefficient, from f r ≈ 3.5 × 10 −2 to 0.158, respectively, the latter value being not very different from that for the random point vortex gas (f r ≈ 0.169).
Therefore, the results shown in Fig. 3 seem to indicate that the transition, observed by Bradley et al. [4] , from the gas of vortex rings to the relatively dense vortex tangle can be detected by the significant (nearly an order of magnitude) increase of the coefficient of reflection of the heat flux carried by thermal excitations.
The experiment [4] was performed at temperature T = 0.16 T c and pressure P ≈ 0 bar where T c is the critical temperature. Quantized vortices were generated by an oscillating grid and detected by two vibrating wires placed near the grid. A beam of quasiparticles illuminated the grid. In the presence of vortices a fraction of the quasiparticles is Andreev reflected, reducing the damping of the vibrating wire; this damping is caused by the asymmetry of the quasiparticles and quasiholes incident upon the wire. The transient response of the fractional change of the damping was measured as a function of the velocity of the oscillating grid. It was found that at high grid velocity (4.5 to 7.8 mm/s) the fractional reduction of damping was from 0.25 to 0.4 and recovered slowly in 10 to 15 s, whereas at small grid velocity (1.9 to 2.9 mm/s) the fractional reduction of damping ranged from 0.025 to 0.1 and recovered quickly in less than 1 s. The experimenters suggested an interpretation based on the recovery time, i.e. that at high grid velocity quantum turbulence is created which slowly decay and disperse away. On the contrary, at small grid velocity the vorticity is in the form of a gas of vortex rings no larger than 5 µm, which quickly move away (the translational velocity of a vortex ring is inversely proportional to its size). Our computed results are consistent with this interpretation: we found that the reflection coefficient of a gas of vortex-antivortex points (the two-dimensional equivalent of a gas of vortex rings) is much less than that of a random vortex gas (the two-dimensional equivalent of a vortex tangle), which agrees with the experimental observation.
We 
